Polyoxins, which are closely related nucleotide antibiotics containing at least 12 active components, are produced by Streptomyces cacaoi var. asoensis (10-12, 21, 22) . These antibiotics inhibit the growth of some filamentous fungi, but are inactive against bacteria and yeasts. A commercial preparation, Polyoxin, is a mixture of the components and has been widely used in the treatment of some fungal infections in plants. Polyoxin D, one of the major components of the polyoxin group, is active against plant invaders such as Cochliobolus miyabeanus, Alternaria kikuchiana, or Piricularia oryzae (12) .
Sasaki et al. (17) , using growing cells of C. miyabeanus, found that polyoxin D did not inhibit the incorporation of radioactive compounds into nucleic acid and protein, but it did inhibit incorporation of 14C-glucosamine into a cell wall fraction, which was extractable by hydrolysis in 6 N HCl at 100 C for 6 hr.
The present investigation was undertaken to elucidate the mechanism of action of polyoxin D. It is shown that the antibiotic selectively inhibits chitin synthetase.
A preliminary report on this subject was previously published (7) .
MATERIALS AND METHODS
Materials. Uridine monophosphate (UMP), uridine diphosphate (UDP), uridine triphosphate, UDP-Nacetylglucosamine (UDP-GlcNAc), and N-acetylglucosamine (GlcNAc) were obtained from Sigma Chemical Co. Chitinase and glucosamine-6-phosphate (GlcNH2-6-P) were obtained from Nutritional Bio- 14C-UDP-GlcNAc labeled in glucosamine was prepared according to the method of Glaser and Brown (8) . N, N'-diacetylchiotobiose was prepared by the method of Zilliken et al. (26) . 14C-GlcNAc-l-P was prepared from 14C-UDP-GlcNAc by treatment with venom phosphodiesterase and was purified by paper electrophoresis on Whatman 3 MM paper in pyridineacetic acid-water (10:1:89), pH 6.0, at 3,000 v for 30 min.
Organisms. Wild-type N. crassa was used for all experiments. This fungus had been found to be strongly inhibited by polyoxin D, as shown in Fig. 1 .
In addition to N. crassa, C. miyabeanus, which is highly sensitive to the antibiotic (12) Growth of N. crassa. A heavy spore suspension (107 to 1081 spores per ml) was obtained by washing a slant with distilled water and removing hyphal filaments by filtration through glass wool; 1 to 2 nml of the spore suspension was inoculated into 100 ml of Vogel's medium (24) contained in a 500-ml flask. The flask was incubated on a reciprocal shaker at 28 C for approximately 48 hr. The mycelia were collected by filtration, washed with water, and kept frozen until used for in vitro experiments.
For studies of incorporation of labeled compounds into cells, 0.1 ml of the spore suspension was inoculated to 10 ml of Vogel's medium contained in a 50-ml flask. The culture was incubated as described above for 14 Preparation of chitin synthetase. For preparation of enzymes from mycelia of N. crassa, 10 g (wet weight) of 48-hr mycelia were disrupted by grinding with an amount of sand equal to twice the weight of the mycelia. The homogenate was extracted with 3 volumes of 0.05 M Tris-hydrochloride buffer, pH 7.5. The mixture was centrifuged at 20,000 X g for 30 min. The pellet containing cellular debris was removed. The supernatant solution was again centrifuged at 140,000 X g for 60 min. The pellet obtained was suspended with the aid of a motor-driven Teflon pestle in 0.05 M Tris-hydrochloride buffer, pH 7.5. The final enzyme preparation contained the equivalent of 1 g (wet weight) of mycelium per ml. The mitchondrial fraction, which was obtained by centrifugation at 20,000 X g for 30 min after the cell debris was sedimented by centrifugation at 2,000 X g for 10 min and was discarded, showed no chitin synthetase activity. The 140,000 X g supernatant fraction was used as crude UDP-GlcNAc pyrophosphorylase as described later.
Assay of chitin synthetase. The standard reaction mixture contained 37. sucrose was added to these media. The fungi were grown at 28 C as standing cultures.
For light microscopy, a Nikon microscope S-Ke was used, and photographs were taken by use of a phase contrast objective, 40 X.
Other methods. For assay of UDP-GlcNAc pyrophosphorylase, the 140,000 X g supernatant solution obtained from N. crassa as described above was used as a crude enzyme. The assay was carried out according to Strominger and Smith (20) . GIcNAc-1-P formed from UDP-GlcNAc and pyrophosphate was hydrolyzed to GlcNAc by prostatic phosphomonoesterase. Free GlcNAc was then measured colorimetrically (16) .
Protein and phosphate were determined by the methods of Lowry et al. (15) and Ames and Dubin (1), respectively. RESULTS Incorporation of "C-glutamate and 32P-inorganic phosphate into various cell fractions. Under conditions in which polyoxin D strongly inhibited the growth of N. crassa (0.19 mM), incorporation of these isotopes into phospholipid, nucleic acid, and protein continued at a normal rate (Table 1) , indicating no inhibition in the synthesis of these cell constituents.
Inhibition of "C-glucosamine incorporation into chitin. Figure 2 shows that polyoxin D inhibited the incorporation of 'C-glucosamine into chitin in N. crassa by approximately 50% during the 3-hr experimental period. In these experiments, 60 to 70% of the radioactivity incorporated into the chitinase-digested fraction was recovered in glucosamine after acid hydrolysis. The rest of the Nucleotide accumulation. In contrast to the above, the uptake of "4C-glucosamine into the nucleotide fraction was increased in the presence of polyoxin D (Fig. 3A) . When the nucleotide fraction was submitted to paper electrophoresis in mixture 2, four ultraviolet-absorbing spots were detected, and all of the radioactivity in this fraction was contained in one of the spots. Although accumulation of the radioactive nucleotide occurred in the absence of polyoxin D, it was markedly increased in its presence (Fig. 3B) Fig. 2 . Nucleotide fraction was obtained as described in Materials and Methods. In Fig.  3B , a sample of the nucleotide fraction (equivalent to 0.28 ml of the culture) was submitted to paper electrophoresis in mixture 2. The radioactive spot was cut out and eluted with water, and nucleotide was determined spectrophotometrically. Data were expressed as counts per minute (Fig. 3A) and micromoles (Fig. 3B ) per 2 ml of the culture, respectively. Fig. 4A) was identical with that of UDPGlcNAc. (ii) Treatment with venom phosphodiesterase yielded a nonradioactive nucleotide with the mobility of UMP, and a radioactive acetyl-amino sugar phosphate with the mobility of GlcNAc-1-P on paper chromatography in mixture 4 (Fig. 4B) (Fig. 5 ).
(
When the inhibition by polyoxin D was studied as a function of UDP-GlcNAc concentration, the results shown in Fig. 6 were obtained. The double reciprocal plots show that polyoxin D acted as a competitive inhibitor; i.e., it did not alter the maximal velocity but increased the Km for UDPGlcNAc. The Km for UDP-GlcNAc was calculated to be 1.43 X 10-3 M, and the Ki for polyoxin D, 1.40 X 10-6 M. N-acetylglucosamine, which has been shown to activate the chitin synthetase from N. crassa (8) , produced no changes in the Km and Ki values. N,N'-diacetylchitobiose, which has been found to be an intermediate in chitin synthesis in Blastocladiella emersonii (6), was not detected by paper chromatography in mixture 4 either in the presence and in the absence of GlcNAc in the reaction mixture.
Effect on UDP-GIcNAc pyrophosphorylase. Polyoxin D did not inhibit the UDP-GlcNAc pyrophosphorylase of N. crassa measured in the direction of GlcNAc-1-P formation, indicating that it was not a competitor for UDP-GlcNAc in this enzyme reaction ( Table 2) .
Formation of protoplast-like structures. Although the time required for the germination of N. crassa spores was not altered, the germ tubes were greatly distorted, finally ceased growing, and did not rupture. The same results were obtained when the spores were incubated in medium containing 20% sucrose. Protoplast-like structures were rarely formed.
On the other hand, when C. miyabeanus spores were inoculated in the presence of 0.1 mm polyoxin D, the spores germinated at a normal rate. But most of the germ tubes were distorted and finally ruptured between 5 and 10 hr after inoculation of the spores. In the presence of 20% sucrose, the germ tubes were stabilized and continued growing to form giant protoplast-like structures. These structures measured from 20 to 40 um in diameter; the hyphae were usually 4 to 6 Am in width (Fig. 7A and 7B) . Some of these structures were sensitive to osmotic shock and lysed when placed in distilled water. The lysis was observed under microscopy, by running distilled water under the cover slip of a wet mount. 
DISCUSSION
The results of the experiments described above indicate that polyoxin D selectively inhibits the synthesis of cell wall chitin in N. crassa and that the primary effect is the competitive inhibition of chitin synthetase, which provides a relatively complete explanation of the antifungal activity of the antibiotic. Thus, the results prove, for the first time, a chitin synthetase to be the site of action of an antifungal agent.
Polyoxin D is a competitive inhibitor for UDPGlcNAc in the chitin synthetase reaction but not in the UDP-GlcNAc pyrophosphorylase reaction, which was measured in the direction of GlcNAc-1-P formation from UDP-GlcNAc and pyrophosphate. Preliminary studies have shown that polyoxin D has no effect on the L-glutamine D-fructose-6-P amidotransferase of N. crassa, both in the presence and absence of UDP-GlcNAc. It seems, therefore, that competition between polyoxin D and UDP-GlcNAc is relatively specific for the chitin synthetase enzyme. The chemical structures of polyoxin D and UDPGlcNAc closely resemble each other (13) , giving a structural basis for the competitive activity of polyoxin D.
The formation of protoplast-like structures sensitive to osmotic shock also suggests that there is an imbalance between growth of the cell wall, which was blocked by polyoxin D, and growth of other cellular structures, which seemed to be unaffected by the antibiotic. Studies of surface structure of the protoplast-like swellings observed by electron microscopy (to be reported elsewhere) also support the view mentioned above.
A preliminary determination of chitin content by the method of Blumenthal and Roseman (3) showed that N. crassa and C. miyabeanus contained (on a dry weight basis) 2.1 and 9.1% of chitin, respectively. The differences in morphology between these two fungi when grown in the presence of polyoxin D, therefore, may be due to differences in chitin content of their cell wall, i.e., in the contribution of chitin to cell wall rigidity. Some Aspergillus species and Penicillium notatum, which have been reported to contain 10 to 20% chitin (3), are insensitive to polyoxin D, whereas N. crassa, containing only 2.1% chitin, is sensitive to the antibiotic. Therefore, it is unlikely that there is a correlation between the chitin content of the cell wall and the sensitivity to polyoxin D.
The chitin synthetase system in vitro is far more sensitive to polyoxin D (50% inhibition at 2 X 10-e M) than are the growing cells (approximately 50% inhibition at 1.9 X 10-4 M; Fig. 5 and 2 ). The existence of an intracellular barrier to the penetration of the antibiotic to the site of the sensitive enzyme might explain the relative insensitivity of intact cells. In the experiments shown in Fig. 2 , approximately 90% of the polyoxin D added to the culture could be recovered from the acid-soluble fraction after 3 hr, thus excluding the possibility of its destruction.
Lipid intermediates have been shown to be involved in the biosynthesis of bacterial cell wall polysaccharides (2, 19, 25) . Recently, similar results have been obtained with mannan synthesis in Saccharomyces cerevisiae (23) . On the other hand, Camargo et al. (6) , in their studies of chitin synthetase of Blastocladiella emersonii, submitted the reaction mixtures to paper chromatography in isobutyric acid-i N NH40H (5:3) and then prepared a radioautogram in order to detect the reaction products; they did not detect spots other than UDP-GlcNAc (substrate), chitin, and N,N'-diacetylchitobiose. In the present study, the standard assay mixture for chitin synthetase of N. crassa was submitted to paper chromatography in several solvent systems used by other investigators for the detection of lipid intermediates (19, 23) . After different incubation periods, the amount of radioactivity incorporated into reaction products other than chitin was barely above background, whereas the amount in chitin was 2,000 to 24,000 counts/min. Thus, various attempts to detect a lipid intermediate in the chitin synthetase system of fungi have been unsuccessful so far. (Fig. 7B ) ofpolyoxin D for 48 hr, as described in Materials and Methods. The scale length is given in Fig. 7B and represents 20 Am.
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